Summary. A practical method for continuous blood glucose analysis in vivo is described. Using an interference-free enzyme reagent in a modified AutoAnalyzer whole blood glucose concentration can be monitored continuously and interpreted in terms of the actual plasma glucose concentration. The method uses a novel technique for preheating the sample diluent without introducing additional time delays, consumes whole blood at a rate of 0.05 ml/min, and demonstrates a transport delay of 148 s. Other improvements include an average baseline drift of -0.11 mg/dl/h and a mean change in sensitivity of -0.4% after 8.5 h. In vitro glucose recovery studies comparing whole blood to the corresponding plasma samples show the method is precise (101.3 _+ 0.7% ), linearly proportional (slope of 1.007 + 0.012) and highly correlated (> 0.998) over the range of 0 to 500mg/dl, with reference to a Beckman glucose analyzer. In vivo applications are presented to show that this method is suitable for use in systems such as the 'artificial endocrine pancreas'.
Continuous blood glucose monitoring has been used to advantage in many clinical studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] ; when frequent sampling is essential this is the preferred technique [8] [9] [10] [11] .
The methodology described here uses a stable enzymic reagent which is specific to fi-dextrose (glucose) [12] [13] [14] [15] while being more sensitive and at the same time far less subject to known interferences [14] [15] [16] [17] than previously reported methods [8, 11, 13] . It has been implemented to monitor glycaemia in both diabetic and non-diabetic patients admitted to the Clinical Investigation Unit of the Toronto General Hospital for metabolic and exercise studies. It serves as the glucose sensing component of two 'artificial endocrine pancreas' instruments one of which is used to control glycaemia with meals at the bedside while the other has been applied in the operating room to 'clamp' glycaemia before, during and after surgery for an insulinoma [10] .
Materials and Methods
Analyzers." The whole blood glucose analyzer was assembled from AutoAnalyzer I components (Technicon Instruments Cow., Tarrytown, N.Y.) which included a peristaltic pump, a 6" dialyzer using a type C membrane, a recorder and a colorimeter with a 1.5 cm flow cell and a pair of 505 nm interference filters in the optical paths. Figure 1 shows the flow diagram. To minimize the transport delay all interconnections between these components were made as short as physically possible while using the usual 'transmission' tubing (1/16 x 1/8 inch). Saline diluent for the whole-blood samples was preheated in the thermostated water bath to 37 ~ C in a mixing coil and then air-segmented prior to the addition of the whole blood stream. This novel technique [13] eliminates the time delay usually needed for sample and diluent heating prior to dialysis in continuous flow analyzers.
A Beckman Glucose Analyzer (Beckman Instruments, Fullerton, Calif.) was used. Its characteristics compared to reference methods have been previously published [18] .
Blood Withdrawal." Blood was withdrawn continuously by means of an indwelling double-lumen catheter (DLC) [19] placed percutaneously in a superficial vein of the forearm for human experiments; in dogs the same catheter was sited in an external jugular vein. The DLC enabled withdrawal of whole blood from the subject without systemic anticoagulation, because heparin was delivered through the outer lumen to the very tip of the DLC where it mixed with the blood as it was drawn into the inner lumen. The blood was diluted approximately 1 : 1 with a solution of heparin and 0.154 mol/l saline drawn from a sterile reservoir through a standard administration set by a sterile pump-tube, which was part of the DLC adaptor assembly (Abjad Industries, Mississauga, ).The precise dilution ratio depends on the actual flow rates of the blood-sampling and heparin-delivery pump tubes. For a given tube the delivery rate is constant, but different tubes of the same type will deliver at rates that can differ by as much as _+ 40% of their nominal value. The double-lumen catheter adaptor is introduced into a standard 18 or 20 gauge intravenous cannula (Medicut Aloe Medical, St. Louis, Miss.). Blood withdrawal is nominally at 0.05 ml/min (Figure l) .
Reagents." The reagent for glucose analysis used a buffered enzyme (GOD-PAP, Cat. 4# 124001, Boehringer-Mannheim, New York, N. Y.) prepared in 0.154 tool/1 saline. Also, 1 ml of wetting agent (Tween | was added to the buffer-enzyme solution and well mixed before being transferred into dark plastic reagent bottles. This solution is stable for 5 weeks at 2 to 8 ~ C and for 3 weeks at + 15 to 25 ~ C. Reagent, when not in use, is normally stored in the refrigerator at 4 ~ C.
The phenol solution was prepared by adding 8 ml of the phenol solution provided to 1000 ml of 0.154 mol/1 saline and 0.5 ml of the wetting agent. This reagent is stable for 6 months at 15 to 25 ~ C.
The sterile heparin-saline diluent is prepared fresh at the bedside aseptically by adding 10,000 units of hepafin to a 250 ml bag of 0.154 mol/l saline.
Sample Preparation:
To establish and compare the sensitivity and linearity of this method in vitro, glucose recovery studies were done using the AutoAnalyzer on aqueous standards and whole blood samples. For comparison these recovery studies were also done in the same aqueous samples and the corresponding plasma samples using the Beckman glucose analyzer. Samples for glucose recovery were prepared according to the following steps:
1. Working glucose standards of 0, 100, 200, 300, 400 and 500 mg/dl were prepared by adding weighed amounts of anhydrous dextrose to 0.154 mol/1 saline containing 40 U/ml of heparin and allowed sufficient time for complete mutarotation.
2. Seven ml of whole blood was withdrawn from each of 5 healthy subjects. A volume of 500 gl of each of the five working standard solutions was then mixed with an equal volume of the whole blood from each subject. This simulates the in-vivo situation when the DLC is used.
3. The remaining blood was then centrifuged and 500 Ixl aliquots of the separated plasma were added to equal volumes of the working glucose standards.
Statistical Methods: Standard statistical comparisons at the 5% level of significance and linear regression analyses were done.
Glucose Analysis: The Beckman glucose analyzer was initially calibrated according to the instructions of the manufacturer using the aqueous 150 mg/dl glucose standard provided and the calibration rechecked every 15 minutes to correct for the slow sensitivity changes that occurred. Only the saline-diluted and plasma-diluted samples were assayed in the Beckman glucose analyser (this instrument is not capable of glucose analysis in whole blood samples) and the results obtained are reported as the mean of replicates.
With the AutoAnalyzer all glucose concentrations were computed in the usual way from the data in Table 1 .
Bedside Calibration: At the bedside the analyzer must be calibrated so that the readings obtained on whole blood correspond to those values which would be obtained if serial samples were taken for plasma glucose analysis. This is readily done at the start of the study, when an undiluted sample of blood obtained by venepuncture can be used for immediate plasma glucose analysis in an independent laboratory glucose analyzer. This plasma glucose level and the pen deflection of the continuously monitored whole blood glucose record to which it corresponds define a calibration datum point. The line drawn through the baseline recorder deflection at zero glucose and passing through this point calibrates the analyzer. In this way the continuously measured whole blood glucose values obtained for the patient correspond to the actual plasma concentration of glucose at all levels of glycaemia.
Other Characteristics of the In Vivo Methodology." The three most important characteristics of a glucose analyzer used for continuous in vivo blood glucose analysis are its time delay, baseline drift rate a Calibrated to 150 • 3 mg/dl using Beckman aqueous standard solution and sensitivity change. Delay is the time taken for the recorder to begin its deflection after a step change in glucose concentration is sampled by the DLC. Baseline drift is the change in the recorder deflection observed when a sample with zero glucose concentration is analyzed some time after the initial baseline adjustment and the result expressed as a rate in mg/dl/h. Sensitivity change is defined as the total change in recorder deflection observed from the beginning to the end of an experiment when the 150 mg/dl standard is analyzed.
Results
Glucose Recovery from Aqueous Standards." For the two methods of analysis the expected and measured values corresponding to the glucose concentrations of the working standards are presented in Table 1 . Table 2 .
Glucose Recovery in Plasma Using the Beckman
Analyzer: With the Beckman glucose analyzer the recovery of glucose from the corresponding plasma samples ranged from 93.0 + 3.0% to 99.8 + 3.2%, with a mean of 97.0 _+ 1.9%, which is not significantly different from 100.0% as shown in Table 3 . Figure 2 compares the two methods and demonstrates that whole blood glucose levels measured by the AutoAnalyzer are linearly proportional to the corresponding 'corrected' plasma glucose levels measured by the Beckman glucose analyzer. Each plasma glucose level was corrected by dividing by the slope of the recovery curve for that subject (taken from Table 3 ) in order to obtain the equivalent plasma glycaemia that would have been measured if the recovery for each subject were 100%. When this is done the slope of the regression line is 1.007 + 0.012, the correlation coefficient is 0.999, and the line extrapolates through the origin. The low recov- In Vivo Comparison of the .Methods: Examples of the continuously monitored in-vivo whole blood glucose levels for two different subjects studied on three separate occasions are shown in Figure 3 . There is clearly excellent agreement at all glucose concentrations between the continuous in vivo record and the plasma glucose levels which were measured in independently drawn samples at the frequent intervals indicated.
In Vitro Comparison of the Methods: The graph in
Delay, Sensitivity Change and Baseline Drift Rate: Table 4 presents the data from 6 experiments showing the time delay, baseline drift rate and sensitivity change observed with the application of this continuous in vivo methodology.
Discussion
The improved method described in this paper enables continuous in-vivo whole blood glucose analysis at the bedside using a modified AutoAnalyzer. It has been applied as the blood glucose sensor in studies involving glycaemic regulation using an artificial pancreas in diabetics subjected to caloric challenge [21] , to exercise [22, 23] and during labour and delivery. It has also proven of value in the operating suite as a glucose clamp during pancreatic resection for insulinoma [10] . Through the use of the doublelumen catheter these studies are conducted without the introduction of an anticoagulant into the subjects and no complications of any kind have been encountered during, or reported following, well over 50 studies in humans during the last 2 years. The results so obtained compare exactly to an accepted laboratory technique using a Beckman glucose analyzer. Invitro assessments of both methods demonstrate the linearity and precision of glucose recovery from prepared aqueous glucose standards (Table 1) , from human plasma (Table 3 ) and whole blood (Table 2) to which equal volumes of these aqueous standards have been added. The new method precisely recovers glucose over the range of 0 to 500 mg/dl. The transport delay of this monitoring methodology is 148 s, lying between that of previous methods 270 s [8, 11] and 90 s [13] , respectively. Compared to these, the present method is more stable and also about twice as sensitive, while consuming whole blood at the same rate of 0.05 ml/min. With this increased sensitivity the blood requirements could be reduced. However, this is difficult to realize with consistency because of the aforementioned wide variations in flow-rates obtained with the smaller bore pump-tubes that would be needed for blood sampling. Furthermore, decreasing the flow-rate would increase both the noise and the presently observed 30 s transport delay through the capillary bore blood sampling tube. The enzyme method [12] used is free from the usual interferences [24] [25] [26] [27] even when modified as here described and extended to whole blood.
Routine recalibration after 4-12.5 h of continuous blood glucose analysis shows a small, variable baseline drift ranging from +0.3 to -0.5 mg/dl/h and no significant reduction in the sensitivity or slope of the calibration curve. Such stability implies a remarkable consistency not only of the reagent but also of the dialyzer and the colorimeter. In this regard the method described is over an order of magnitude better than that of a glucose electrode recently described by others [28] . Reagent is consumed at the rate of only 1.2 ml/min so that the running cost is currently only about $1.00 per h.
Offsets about the origin in the curve relating different methods of glucose analysis have been observed by others [14, 15] . Such offsets do not occur with this improved methodology: the linear regression curve in Figure 2 extrapolates through the origin. Thus this method allows the interpretation of continuously monitored whole blood glucose levels in terms of the accepted plasma glucose values [29] . As shown in Figure 3 samples taken periodically during experiments verify the consistency of this methodology in providing true 'plasma' glucose values.
The technique described in this paper is reliable and stable in terms of drift and sensitivity and has been implemented as part of a clinical apparatus known as an artificial endocrine pancreas which is currently used for studies of the pathophysiology of diabetes.
